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ABSTRACT 


In  this  program  the  effects  of  lead  oxide  (?b0)  on  the  thermal 
decomposition  of  n-propyl  nitrate  have  been  studied  as  a  model  for 
double-base  propellants  containing  lead  salts  as  ballistic  modifiers. 

Only  a  small  effect  has  been  observed  with  n-propyl  nitrate  at  the  tempera¬ 
ture  ranee  investigated,  157-186°C,  but  in  the  course  of  this  study  a  very 
powerful  catalysis  by  lead  oxide  of  the  thermal  decomposition  of  nitroalkanes 
was  discovered  and  investigated  in  some  detail. 

Lead  oxide  (PbO)  brings  about  the  thermal  decomposition  of  nitroethane 

g 

at  110-160°C  at  rates  some  10  those  that  would  occur  with  no  lead  oxide 
present.  The  effect  seems  to  be  general  for  nitroalkanes  having  a  carbon- 
hydrogen  bond  alpha  to  the  nitro  group.  Lead  oxide  is  not  transformed  in 
the  reaction  and  hence  is  assigned  the  role  of  a  true  catalyst.  The  reaction 
appears  to  occur  on  the  lead  oxide  surface  since  pre-melted  lead  oxide  shows 
no  detectable  catalysis.  A  variety  of  other  metal  oxides  has  been  studied 
and  only  one,  hydrated  ferric  oxide  FeO(OH)  has  been  snown  to  exert  any  effec 
The  results  are  discussed  and  an  important  role  assigned  to  the  aci-nitro  form 
of  the  nitroalkane. 


INTRODUCTION 


The  effect  of  lead  salts  on  the  combustion  of  double-base  oropellants 
is  an  important  one  but  one  which,  despite  a  number  of  studies,  is  not  under¬ 
stood.  Various  theories  (1,2,2)  have  been  proposed  buc  all  are  based  on 
indirect  evidence  obtained  in  very  comolicated  systems.  In  the  present  research 
the  approach  has  been  to  study  the  interaction  of  lead  oxide  with  a  simple  ni¬ 
trate  ester  chosen  to  model  the  more  complex  double-base  propellant  systems. 

The  goal  of  this  program  has  been  to  learn  something  about  the  basic 
chemistry  of  lead  oxide  and  compounds  related  to  double  base  prooellants.  In 
any  basic  research  project  it  is  important  to  investigate  the  unexpected 
result  and  in  this  project  the  unexpected  result  has  been  the  substantial  cata¬ 
lytic  effect  that  lead  oxide  shows  on  the  pyrolytic  decomposition  of  ni troal kanes . 
Whether  this  effect  is  important  to  double-base  propellant  combustion,  only 
time  will  tell.  That  it  is  important  to  learn  about  a  powerful  catalytic  effect 
of  lead  oxide  on  compounds  containing  nitro  groups  seems  beyond  dispute.  That 
is  the  area  in  which  the  most  effort  in  this  program  was  devoted  and  which  is 
described  herein. 

RESULTS 

Experiments  with  n-Propyl  Nitrate 
n-PropyT. -nitrate  (MPN)  was  chosen  as  the  model  comoound  for  study 
and  the  first  task  undertaken  was  to  establish  some  general  procedure  for  ex¬ 
amining  the  effect  of  solid  additives.  For  the  latter,  lead  oxide  (PbO)  was 
the  compound  of  interest.  Experiments  were  first  done  in  a  500  ml  glass  bulb 
in  which  the  pyrolysis  of  NPN  was  studied  manometrically .  Although  data  for 
tine  pyrolysis  rate  constant  for  this  soecies  could  be  found  in  this  way  it  did 


not  prove  convenient  for  studies  of  the  effect  of  a  solid  additive.  A  differ¬ 
ent  procedure  was  then  adopted,  which  with  various  modifications  described  in 
the  Experimental  Part,  was  used  in  the  rest  of  this  research.  This  involved 
the  use  of  a  small  vessel,  generally  a  glass  bulb  of  10-20  cc  capacity,  which 
could  be  charged  with  the  organic  compound  and  the  solid  additive,  evacuated, 
and  heated  at  appropriate  temperatures.  The  vessel  concents  could  then  be  re¬ 
moved  either  directly  or  by  dissolving  them  in  a  suitable  solvent  and  analyzed 
by  a  combination  of  gas  chromatography  and  infrared  or  mass  soectrometry .  In 
this  way  data  for  the  pyrolysis  of  NPN  by  itself  were  obtained.  These  are 
shown  in  Tables  1  and  2  and  Fig.  1  and  yield  the  expression  for  the  pyrolysis 
rate  constant 

k  =  1 01 6 - 3  exp  .  40,200/RT  sec  -1. 

A  few  experiments  were  done  with  the  above  technique  in  which  the 
effect  of  copper  surfaces  and  of  lead  oxide  on  the  rate  of  NPN  pyrolysis  were 
studied  but  only  small  effects  were  observed  (4).  In  the  course  of  these 
experiments  a  new  phenomenon  was  observed,  the  study  of  which  has  occupied  the 
remainder  of  the  research  effort. 

Although  lead  o,  ;de  snowed  no  substantial  effect  on  the  kinetics  of 
NPN  pv  olysis,  it  showed  a  striking  effect  on  the  reaction  stoichiometry.  Ni- 
troethane,  a  principal  product  of  the  pyrolysis  of  NPN  by  itself,  was  absent 
as  a  product  when  lead  oxide  was  present.  This  was  soon  found  to  be  caused 
by  the  rapid  disappearance  of  nitrothane  over  lead  oxide  at  temperatures  where 
it  Cnitroethane)  is  stable  in  tne  absence  of  lead  oxide.  This  effect  was  so 
striking  that  the  decision  was  made  to  investigate  the  pyrolysis  of  nitroalkanes 
and  of  ni trcethane,  in  particular,  in  the  presence  of  leaa  oxiae. 


Experiments  with  Ni troal kane-lead  Oxide  Mixtures 

The  first  experiments  of  this  sort  were  carried  out  at  the  tempera¬ 
tures  where  NPM  pyrolysis  had  been  studied,  around  1SQCC.  At  this  temoerature 
only  the  reaction  products  could  be  studied,  not  the  kinetics,  since  the  reacti 
was  over  in  a  period  of  seconds.  In  the  early  part  of  these  studies  it  was 
established  that  the  reaction  was  of  some  generality  for  nitrcal kanes .  Nitro- 
methane,  1-  and  2-ni tropropane  showed  reactivity  similar  to  that  for  nitroethane 
The  only  gaseous  product  identified  at  first  for  nitroethane  was  acetonitrile. 
Acetone  was  the  principal  product  from  2-ni tropropane,  propioni tri 1 e  was  the 
principal  product  from  1 -ni tropropane  and  nitromethane  yielded  principally 
hydrogen  cyanide.  No  reaction  was  observed  for  2-methyl -2-nitrooropane. 

Further  studies  were  concentrated  on  nitroethane. 

Ni troethane-Lead  Oxide 

The  temperature  range  of  1 20-1 50°C  was  found  to  be  convenient  for 
the  study  of  the  kinetics  and  stoichiometry  of  this  system.  The  procedures 
used  in  these  experiments  varied  with  the  goal  of  the  particular  experiment 
and  are  described  in  detail  in  the  Experimental  Part  but  for  purposes  of 
discussion,  will  be  described  in  a  general  way  here. 

The  reaction  vessels  were  spnerical  Pyrex  bulbs  of  about  15  ml 
capacity  which  were  fitted  with  Fisher-Porter  Teflon  valves.  For  product  com¬ 
position  studies  the  bulbs  were  charged  with  0.1  ml  of  nitroaikane  and  1.0  g. 
of  lead  oxide.  They  were  then  evacuated  while  chilled  in  liquid  nitrogen,  the 
valve  closed  and  the  bulb  then  warmed  to  room  temperature  and  immersed  in  a 
constant-temperature  salt  bath  for  an  aporooriate  time.  The  reaction  was 
stopped  by  cooling  the  bulb  and  the  contents  examined  by  gas  chromatograony , 
infrared  or  mass  SDectroscopy .  For  kinetic  measurements  the  procedure  was 


the  same  except  that  the  nitroethane  was  sealed  in  a  glass  ampule  ana  <ept 
separate  from  the  solid  substrate  until  the  reaction  vessel  *as  ecuilibrated 
thermally.  The  ampule  was  then  broken  using  a  magnetically-controlled  plunger 
and  the  pressure-time  curve  plotted. 

3er'ore  discussing  the  rate  and  product  comoosition  measurements  it 
is  useful  to  present  some  general  observations  aoout  the  reaction.  The  reaction 
was  invariably  marked  by  discoloration  of  the  lead  oxide.  The  formation  of 
grey  to  black  areas  was  clearly  evident.  lodimetric  analyses  of  the  lead 
oxide  at  the  end  of  a  run  showed  no  evidence  of  lead  dioxide  formation.  If 
the  lead  oxide  were  melted  in  the  reaction  vessel  and  soread  over  the  entire 
surface  as  a  thin  film  (a  procedure  originally  designed  ‘o  maximize  the  surface 
area)  and  then  cooled  to  reaction  temoerature,  no  react"  ;n  tco<  place. 

Kinetic  Studies  of  the  Mi troethane-Lead  Ox- da  System 

A  large  number  of  experiments  was  carried  out  in  wr.ich  the  oressure 
in  the  reaction  vessel  was  recorded  continuously  as  a  function  of  time.  All 
of  these  conformed  to  one  pattern,  cf.  Fig.  2.  There  was  an  initial  period, 
referred  to  hereafter  as  the  induction  period,  followed  by  a  period  in  which 
the  pressure  rose  until  it  became  constant.  When  the  data  were  plotted  as 
In  (P  00-  ?-)  vs.  time,  the  curve  for  the  period  following  the  induction 
period  was  linear.  The  temoerature  dependence  of  the  data  was  characterized 
by  the  sloces  of  the  linear  portion  of  the  curves  and  by  the  induction  times. 
Experiments  were  carried  out  from  1230c  to  157°C.  The  data  are  shown  in  Table  3. 

Two  methods  were  used  to  determine  the  length  of  the  induction  period 
(I).  The  value  determined  oy  method  1,  designated  I-j ,  was  sir-ply  the  time  during 
which  the  initial  pressure  remained  essentially  constant  (cf  Fig.  2).  The  value 


determined  oy  method  2,  designated  I?,  was  determined  using  the  log  (?co~?) 
vs.  time  plots.  The  two  linear  portions--the  initial  flat  portion  and  later 
steep  portion--were  extended  to  give  a  point  intersection  which  was  taken  as 
the  induction  oerioa.  Only  the  largest  induction  periods  (at  the  lower 
reaction  temperatures)  show  any  significant  differences  in  the  two  values. 

Examination  of  the  first-order  rate  constant  values,  Taole  3,  shows 
that  the  temperature  variation  is  small.  The  trend  toward  higner  values  at 
the  higher  temperatures  cannot  be  reliably  separated  from  the  variation  within 
one  temperature.  (In  view  of  the  fact  that,  although  the  same  weight  of  lead 
oxide  was  used  each  time,  the  exact  configuration  and  surface  present  could 
not  be  controlled,  the  observed  scatter  is  understandable.).  The  rate  constants 
for  the  range  128-157°C  can  be  encompassed  in  the  value  k  =  .006=. 026  sec"^ . 

The  induction  periods  on  the  other  hand  showed  substantial  temoera- 
ture  dependence.  A  plot  log  I  vs.  reciprocal  absolute  temperature,  Fig.  3,  is 
roughly  linear.  Interpretation  of  the  slope  in  terms  of  E/R,  where  E  is  the 
activation  energy  and  R  the  gas  constant  yields  a  value  of  about  41  kcal . 
mol e  ’1 . 

Experiments  on  the  Induction  Period  for  the  Ni troethane-Lead  Oxide  Reaction 

The  induction  period  has  been  defined  by  the  fact  that  it  is  a  period 
in  which  little  or  no  pressure  change  is  observed.  We  have  established  that 
very  little  chemical  change  in  the  gaseous  substituents  occurs  either.  Thus, 
a  reaction  sample  was  removed  from  a  140°C  bath  after  fifteen  seconds.  From 
Fig.  3  the  induction  period  at  140°C  is  about  twenty-seven  seconds.  Analysis 
of  the  reaction  vessel  gaseous  contents  by  gas  chromatography  showed  that  less 
than  .OH  of  the  nitroethane  had  been  consumed.  It  may  be  pointed  out  that 


once  the  reaction  starts,  it  is  largely  over  in  a  period  of  about  ten  seconds  at 


this  temperature. 

We  wondered  whether  the  induction  period  involved  some  change  in  the 
catalyst  surface  that  could  persist  from  one  filling  with  nitroet.nane  to 
another,  and  devised  experiments  to  investigate  this. 

In  one  experiment  a  reaction  vessel  was  charged  with  1.0a  lead  oxide, 

\ 

50  micro! iters  of  nitroethane  and  a  fragile  sealed  glass  bulb  containing  100 
microliters  of  nitroethane.  Reaction  was  carried  out  at  130°C  for  thirty  minutes 
in  the  usual  way  and  the  flask  evacuated.  The  usual  discoloration  of  the  cata¬ 
lyst  (see  above)  was  observed.  The  reaction  vessel  was  then  closed  and  the 
bulb  containing  the  additional  nitroethane  was  broken  by  means  of  a  magnetically- 
controlled  bar.  An  induction  period  in  the  range  predicted  for  this  temoerature 
was  observed.  A  similar  experiment  was  performed  which  differed  only  in  that 
the  reaction  products  of  the  first  charge  of  nitroethane  were  not  removed. 

When  the  pressure  levelled  off,  the  glass  bulb  containing  the  additional  nitro¬ 
ethane  was  broken.  Again  the  usual  induction  period  was  observed. 


Experiments  with  a-Deuterated  Nitroethane 


Nitroethane  with  deuterium  in  the  alpha  position  was  prepared. 

Analysis  by  mass  and  nmr  spectroscopy  showed  the  material  to  be  75*  dideutero 
and  25*  monodeutero  nitroethane.  Table  3  contains  data  for  kinetics  experiments 
with  this  material  at  153  and  154°C.  The  most  striking  difference  is  that  the 
induction  periods  are  two  to  three  times  those  *or  ordinary  nitroethane. 

Exoeriments  with  other  Nitroal kanes 


A  few  experiments  were  carried  out  with  other  nitroal kanes  but 
studies  in  detail  were  not  performed.  An  experiment  with  2-ni troprooane  anc 
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lead  oxide  at  140°  C  showed  a  much  longer  induction  oeriod  than  for  nitro- 


ethane  (120  sec  vs  15  sec)  and  a  slooe  for  the  In  (P  -P  J  vs  t  part  of 

oo  t 

the  data  of  5  x  10  ^  sec  ,  about  two  orders  of  magnitude  less  than  that  far 

nitroethane.  Experiments  with  2-methyl-2-nitropropane  and  lead  oxide  in  the 

amounts  used  in  the  nitroethane  experiments  showed  no  reaction  at  all  for 

0 

twenty-four  hours  at  180  C. 

No  kinetic  experiments  were  done  with  nitromethane,  1 -nitroprocane  and 
1 -ni trobutane,  but  in  product  composition  experiments  it  was  found  that,  for 
the  conditions  used  in  the  nitroethane  experiments,  these  nitroalkanes  were 
completely  decomposed  after  five  minute  heating  periods  at  190°C. 

The  Reaction  Products  of  the  Mi troethane-Lead  Oxide  Reaction. 

As  the  reaction  proceeded  a  brown  oily  deposit  began  to  form  on  the 
lead  oxide  surface.  At  the  end  of  a  run  the  lead  oxide  was  analyzed  and 
1.0  g.  was  found  to  contain  17.0  mg  of  carbon,  0.5  mg  of  hydrogen  and  3.5  mg 
of  nitrogen.  All  of  the  above  carbon  however  could  not  be  assigned  to  the 
brown  deposit  for  treatment  of  the  catalyst  with  acid  released  carbon  dioxide 
(identified  by  mass  and  infrared  spectromemetry) .  The  amount  of  carbon  dioxide 
found  corresponded  to  46&  of  the  above  carbon. 

Analysis  of  the  gaseous  products  showed  the  presence  of  nitrous  oxide  and 
acetonitrile  as  the  only  major  products.  Water  was  qualitatively  identified  as 
a  product  but  no  quantitative  analyses  were  made.  Small  amounts  (less  tnan  1  % 
of  the  initial  nitroethane)  of  nitrogen,  acetal doxime ,  ethylene,  methane  and 
butene  isomers  were  also  identified  by  the  combination  of  gas  chromatography 
and  mass  spectrometry .  The  analytical  results  are  expressed  by  the  following 
equation 


CH  3cH^f4°2  1  .15N20  +  .  22CH3CN  +  .33C02 

+  1.05  C  (deposit)  +  .26N  (deposit) 

+-.5Q  H  (deposit)  +  1.20  H20 

In  this  equation  the  coefficient  given  for  water  is  not  based  on  analytical 
results  but  has  been  assigned  to  give  a  100"  mass  balance  for  oxygen. 

The  following  arguments  can  be  cited  as  supoort  for  the  coefficient 
assigned  above  for  water.  If  it  is  assumed  that  the  carbon  dioxide  arose 
from  oxidation  of  the  ethyl  radical  then  one  can  propose  that,  for  each  carbon 
dioxide  molecule  formed,  2.5  molecules  of  water  are  produced.  If  one  further 
makes  the  reasonable  assumption  that  one  molecule  of  water  is  formed  for  each 
molecule  of  nitrous  oxide  or  acetonitrile  then  the  total  of  these  three  sources 
is  1.20.  The  quantitative  agreement  with  the  figure  cited,  above  is  probably  fortui 
tou-s  -but' the- argument  gives  a-  logical  basis  for  a  figure  of  about  this  magnitude. 

The- above- expression- accounts  for  about  70S- of  the  total,  hydrogen.  A:  few  more  per¬ 
cent  can  be  assigned  to  the  trace  hydrocarbon  products  cited,  earl ier. 

Analyses  of  the  Lead  Oxide  after  a  Run.  The  catalyst  at  the  end  of  a 

run  was  also  analyzed  for  lead  dioxide  (or  any  tretravalent  lead)  by  treatment 
with  potassium  iodide,  but  none  was  ever  found,  likewise  dissolution  of.cthe 
catalystcat  the* end ■  of v a  run' in.  hydrochloric. .acid  left  no  metal  ttcr'lead  residue. 
31ank.  exper  iments:  showed!  tba  tea's  .'.little -asrone  'milligram. 'of  lead  would  have  been 
detected-.' , 

ft  thus  appeared  that  lead  oxide  did  function  as  a  true  catalyst  in  that 
it  was  neither  oxidized  or  reduced  and  was  chemically  chanced  in  the  reaction 
only  by  absorption  of  carbon  dioxide. 


Experiments  with  Lead  Dioxide. 


Of  the  various  things  that  could  haopen  to  lead  oxide,  oxidation  to  lead 
dioxide  was  one  that  could  figure  in  a  reaction  mechanism.  Since  neither  lead 


dioxide  nor  lead  appeared  in  the  products  it  was  of  interest  to  see  what  hap¬ 
pened  with  lead  dioxide-ni troethane  fixtures.  These  studies  led  us  to  look 
at  the  reactivity  of  lead  dioxide  with  other  comoounds. 

First  a  mixture  containing  lead  oxiae  and  lead  dioxide  in  a  10:1  ratio 
was  used  in  a  typical  run  with  ni troethane.  Only  lead  oxide  was  found  at  the 
end.  Hence  the  fact  that  lead  dioxide  was  not  found  at  the  end  of  a  nitroethane- 
lead  oxide  experiment  did  not  rule  it  out  as  a  transitory  intermediate.  Next 
the  reaction  of  pure  lead  dioxide  and  ni troethane  in  amounts  comparable  to  the 
ni troethane-1 ead  oxide  experiment  were  heated  at  an  intermediate  reaction  temoe- 
rature,  150°  C.  The  reaction  proceeded  at  a  rate  similar  to  that  for  lead  oxide- 
nitroethane  mixtures  but  the  products  were  different.  Nitrogen,  carbon  dioxide 
and,  presumably,  water  were  the  products.  No  acetonitrile,  a  major  product  with 
lead  oxide-ni troethane  mixtures,  was  observed.  Not  all  the  lead  dioxide  reacted, 
but  of  the  particles  that  did,  lead  oxide  was  found  on  the  outer  layer,  red  lead 
oxide  (Pb^O^)  found  inside  this. and  lead  dioxide  found  in  the  interior.  These 
results  orompted  us  to  look,  at  the  reactions  of  lead  dioxide  with  acetonitrile  at 
150°C.  No  comsumption  of  acetonitrile  over  a  period  of  two  hours  was  observed. 

This  suggests  that  acetonitrile  was  never  formed  in  the  lead  dioxide-nitroethane 
mixture  and  hence  that  there  are  significant  differences  in  the  way  lead  oxide 
and  lead  dioxide  work. 

In  other  experiments  it  was  found  that  propionaldehyde ,  acetone,  acetal doxim* 
and  2,  4-pentanedione  all  reacted  with  lead  dioxide  at  150°C.  In  the  case  of  the 
last  two  of  the  above,  the  mixtures  were  observed  to  react  at  room  temperature  ant 
to  evolve  enough  heat  to  ignite  the  liquid  either  in  air  or  in  vacuum.  On  the 
other  hand  2-methyl-2-nitroprooane  did  not  react  with  lead  dioxide  at  140°C  nor 
did  n-propyl  nitrate. 


Neither  ferric  acid  (Fe^Q^).  stannous  oxide,  thorium  dioxide  (7h02)  molybaenu 
trioxide  (MoC^)  f  barium  oxide,  cobaltous  oxide  or  soda  lime  showed  any  effect 
over  thirty  minutes  at  1 50°C  on  nitroethane.  Clearly  basicity  and  multiole  valeru 
states  are  not  sufficient  to  show  tne  effects  that  leaa  oxide  does. 

The  only  other  material  found  to  shew  reactivity  similar  to  that  of  lead  oxii 
was  the  iron  oxide  FeC(OH)  (5)  prepared  as  described  in  the  Experimental  Part. 

This  showed  a  reactivity  very  like  that  of  lead  oxide  both  in  terms  of  reaction- 
times  and  in  the  production  of  acetonitrile  and  acetaldoxime  as  products.  This 
phenomenon  was  discovered  at  the  end  of  this  study  and  it  was  not  possible  to 
pursue  it.  The  results  of  the  experiments  with  lead  dioxide  and  the  other  metal 
oxides  are  collected  in  Table  4. 

DISCUSSION 

Initially,  when  nitriles  appeared  to  be  a  general  reaction  oroduct,  a  tenta¬ 
tive  hypothesis  was  considered  in  which  the  lead  oxide  removed  an  oxygen  from 
the  nitro  group. 

C-H  NO-  +  PbO  - ^  PbO  +  CoH„N0 

c  3  2  2  -  3 

Isomerization  of  ni trosoal kanes  to  the  corresponding  oximes  followed  by  dehydratioi 
to  nitriles  is  a  well-established  seouence.  (6)., 

C2H5NO  - 11  CH3CH  «  NOH  - **  CH3C.N  +  H20 

It  was  reasoned  at  that  time  that  any  lead  dioxide  formed  would  be  reduced  to  the 
lead  oxide  again.  This  aopears  to  have  been  a  correct 


assumotion. 


This  hypothesis  does  not  account  for  the  stability  of  the  tertiary  nitro- 
alkane,  2 -methyl -2-nitoprooane.  (J.t  could  be  argued  that  the  oxygen  transfer 
itself  is  thermodynamically  unfavorable  and  reauires  further  reaction  of  the 
nitroso  compound  which  cannot  be  shown  by  a  tertiary  nitroso  compound  and  this 
is  still  a  possibility  but  does  not  seem  likely)-  It  likewise  does  not  account 
for  the  formation  of  acetone  from  2-nitropropane.  This  product  was  identified, 
not  only  by  gas  chromatography ,  but  also  by  mass  spectrometry  when  the  reaction 
products  were  injected  directly  into  the  mass  spectrometer .  Formation  of  the 
ketone  by  hydrolysis  of  the  corresponding  oxime  on  the  gas  chromatographic  column 
is  thus  ruled  out.  Finally  the  substantial  increase  in  the  induction  period  for 
a,  a-dideutero  nitroethane  and  for  2-nitropropane  compared  to  nitroethane  are  not 
consistent  with  this  idea. 

That  the  principal  products  of  nitroethane  decomposition  were  acetonitrile 
and  nitrous  oxide  suggests  the  conversion  of  the  nitroalkanes  to  the  corresponding 
aci-nitro  isomer  as  the  principal  reaction  path  (7)..  Thus  for  nitroethane  one 
can  write 

^0  H  _ OH 

CH.CK  =  Nv  T  H,0 - 1  CH,  -  C  - 

3  ^QH  £  3  '  ^QH 

OH 

H  OH 

CH^  C  -  - - =*  H20  +  NOH  +  CH3CH0 

,  OH 

OH 

2  NOH  - *  N20  +  H20 
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and 


CH.CH  =  n'  +  PbO  — ^  CH?  CM  =  NOH  +  PbQ- 
3  X0H  3  2 

CH3CH  =  NOH  - ^  CH3CN  +  H20 

The  evidence  presented  earlier  makes  it  clear  that  lead  dioxide,  if  formed  in  the 
reaction,  would  appear  in  the  products  as  lead  oxide.  It  also  seems  clear  that 
acetaldehyde  would  not  survive  in  this  system  but  would  be  oxidized  further. 

The  oily  deposit  clearly  is  some  kind  of  polymerization  product.  Such 
products  have  been  observed  before  in  the  pyrolysis  of  nitroal kanes . 

A  good  deal  of  effort  has  been  expended  in  this  work  on  the  induction  period. 
From  the  point  of  view  of  the  kinetics  the  results  observed  correspond  to  the 


following  scheme. 

C,H_NO.  +  surface  — 
2  o  2 

- ^  A.S 

01 

c2h5N°  +  A.S.  — 

- ^  products 

(2) 

Here  A.S.  refers  to  active  sites  on  the  surface  and  the  implication  of  expression 
01  is  the  number  of  such  sites  is  a  function  of  the  lead  oxide  and  that  the  gene 
ration  of  these  sites  is  what  is  going  on  in  the  induction  oeriod.  The  reaction 
kinetics  then  subsequent  to  the  induction  period  would  be  given  by 
d  CC2H5.M02)/dt  -  k  (C2H5,N02)  (3) 


This  is  a  first  order  expression  in  which  the  race  constant  is  given  by 
k  =  k(2)  (A.S) 


Here  k^  is  the  rate  constant  for  reaction  (2)  above  and  (A.S.),  the  concentra¬ 
tion  of  active  sites  is  a  constant. 

It  can  be  noted  that  the  formation  of  these  active  sites  apoears  to  involve 
the  aloha  hydrogen  of  the  nitroalkane  since  the  induction  period  did  increase 
with  alpna  deuteration  of  nitroethane.  The  ten-fold  increase  in  induction  period 
in  going  (_from  nitroethane  to  2-ni troprooane  corresponds  quite  closely  to  the 
decrease  in  the  rate  of  proton  removal  from  these  molecules  by  hydroxide  ion 
(nitroethane-2-nitropropane,  rate  constant  ratio,  approximately  230-300  :  19)  (.8) 

Why  Does  Lead. Oxide  Work  ? 

It  seems  most  reasonable  to  attribute  a  dual  role  to  lead  oxide,  i.e  to  sug¬ 
gest  that  ..it  assists:  isomerization  by  proton  transfer  and  that  it  reacts  with 
the  aci  form  by  oxidation,  reduction  or  both.  The  failure  of  more  basic  oxides 
and  of  other  multivalent  oxides  to  show  perceptible  catalytic  effect  shows  that 
the  requirements  are  quite  subtle. 

The  only  other  oxide  to  show  an  effect,  and  indeed  one  very  similar  to  that 
of  lead  oxide,  was  hydrated  ferric  oxide  FeO(OH).  Ordinary  ferric  oxide,  Fe  0, 
was  ineffective.  A  reasonable  route  to  isomerization  can  be  written  here 


In  the  present  study  little  effect  was  observed  with  n-oropyl  nitrate,  the 
model  for  the  double-base  propellant  ,  in  the  temoerature  range  studied. 

It  remains  a  point  of  importance  as  to  whether  a  more  substantial  effect 
would  be  observed  at  higher  temoeratures ,  e.g.  250-300°C,  which  would  be 
closer  to  the  temperatures  reported  for  the  sufrace  of  burning  prooellants. 


EXPERIMENTAL  PART 


Material s 

The  Nitrplkanes 

The  nitroalkanes  were  all  obtained  from  Eastman  Organic  Chemicals  Co. 
and  were  reagent  grade.  Nitromethane,  1-and  2-ni troorooane ,  1 -ni trooutane 
and  2-methy!-2-nitropropane  were  all  used  without  further  treatment.  Nitro- 
ethane  was  distilled  on  a  Nester-Faust  13"  spinning  band  column.  The  fraction 
distilling  between  114.5’  and  115.5’  was  collected.  Gas  chromatographic  analysis 
of  this  material  indicated  a  purity  greater  than  99.5%.  The  identifiable  imouri- 
tifs  were  nitromethane  and  2-nitropropane. 

The  Metal  Oxides 

Lead  oxide  (PbO,  yellow)  was  either  Coleman  and  Sell  or  Mallinkrodt  reagent 
grade.  Lead  dioxide  (PbO^),  lead  tetroxide  CPb^O^) ,  ferric  oxide  (Fe?0  )  thorium 
dioxide  (ThO^),  molybdenum  trioxide  (M0O3),  stannous  oxide  (SnO),  bar'.um  oxide 
(8aQ)  and  soda  lime  were  all  commercial  products,  c.p  or  reagent  grade  and  were 
used  without  further  treatment. 

Other  Organic  Compounds 

Acetal doxime  was  the  Aldrich  Chemical  Co.  product  and  was  recrystal  1 i zed 
twice  from  water  to  remove  trace  amounts  of  acetonitrile.  a-Prooyl  nitrate  was 
Eastman  Organic  Chemicals  reagent  grade  and  was  distilled  twice.  Acetonitrile  and 
2,4-pentanedione  were  Eastman  reagent  grade  and  were  used  without  further  treat¬ 
ment. 

Hydrated  Ferric  Oxide  (FeO(OH)) 

A  solution  of  ferric  chloride  hexahydrate  (FeCl3.SH20)  03.5  gms  in  20cc  H70) 


i 
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was  treated  with  5  g  of  sodium  hydroxide  pellets.  When  the  mixture  had  cooled, 
the  resulting  gel  was  collected  on  filter  paper  in  a  Buchner  funnel.  This  gel 
was  suspended. in  50  ml  ethanol  for  thirty  minutes.  The  resulting  solid  was 
again  collected  on  filter  paper.  The  ethanol  treatment  was  repeated.  The  result¬ 
ing  red  brown  solid  was  'washed  eith  25  ml  of  water  and  then  dried  in  an  oven  at 

no0. 

a,  a-Oideuteroni troethane 

The  alpha  dideuteration  of  nitroethane  was  achieved  by  treating  the  sodium 
salt  with  0C1 .  The  salt,  Na  (CH^CHNO?)  was  synthesized  oy  slowing  adding  nitro¬ 
ethane  to  a  solution  of  sodium  methoxide.  The  salt  was  stored  in  the  reaction 
flask  under  methanol  and  the  amount  necessary  was  removed  before  use. 

(Caution  Na  CH-CHNO,  is  explosive).  After  collecting  the  salt  on  filter  pacer 
white  solid  was  washed  with  methanol  but  not  allowed  to  dry.  To  29  ml  95. 7*  920 
was  slowly  added  13  g  of  Na(CH  CHNO  ) .  The  resulting  solution  was  acidified  a, 
adding  24  ml  of  20%  DCL  (in  0^0)  dropwise.  The  nitroethane  formed  was  extracted 

into  ether  and  the  ether  layer  was  stored  over  molecular  sieves.  When  a  total 

„  • 
of  54  g.  of  Na  (Ch^CH^NOj)  (three  batches)  had  been  acidified  the  combined  ether 

layers  were  distilled  to  collect  the  product  CH,CHDNO, -  This  product  was  then 

slowly  added  to  a  solution  of  NaOC^  in  Cl^OO.  The  resulting  precipitate  was 

collected  on  filter  paper  and  washed  with  CH-,00  (but  not  allowed  to  dry).  This 

solid  was  treated  analogously  to  Na  (CH^CHNOg).  After  workup  5  ml  of  nitrcetnane 

. 

resulted.  An  NMR  of  this  material  indicated  25*  CH^CHDNC^  and  75*  CH^CDjNG^ . 

This  isotopic  distribution  was  also  confirmed  by  mass  soectrometry . 

Procedures 

The  procedures  for  experiments  designed  for  product  analyses  and  t.iose 


designed  for  reaction  rate  measurements  were  similar  but  had  significant  differ¬ 
ences. 

Product  Analysis  Puns 

Two  general  procedures  were  used  for  product  analysis  runs.  A  *ew  *ere 
done  directly  in  the  gas  chromatograph  using  a  Valeo  zero  dead  volume  val /e  that 
allowed  the  carrier  gas  stream  to  be  diverted  through  a  glass-stainless  steel 
loop.  The  glass-to-metal  joints  were  ground  spherical  joints  with  a  V i ton  0-ring 
on  the  glass  ball.  The  reaction  loop  was  charged  with  lead  oxide  and  nitroethane 
then  cooled  in  liquid  nitrogen  and  evacuated.  The  closed  loop  was  placed  in  a 
200°C  oven  for  ten  minutes.  The  valve  wa  then  attached  to  the  column  in  the  gas 
chromatograph  and  the  valve  opened  to  allow  the  carrier  gas  to  sweep  the  products 
on  to  the  column.  The  analyses  for  condensible  products  were  carried  out  using 
a  small  (15-20  ml)  Pyrex  flask  equipped  with  a  Fisher-Porter  Teflon  value  and 
a  side  arm. 


Typical  conditions  were:  0.75  ml  nitroalkane,  1.0  g  metal  oxide,  15C°C,  for  five 
minutes.  The  vessel  was  charged  with  the  two  reactants  and  immersed  in  liauia 
nitrogen.  After  the  vessel  had  cooled  the  residual  air  was  evacuated  through  the 
side  arm.  After  evacuation  the  vessel  was  warmed  to  room  temoerature  ana  then 
was  immersed  in  a  salt  bath  (532  <.'103,  72  Na'IO^.  and  ^02  MaNO^)  • 


1 


After  the  desired  time  had  elapsed  the  vessel  was  treated  by  one  or  the  follow¬ 
ing  methods. 

a_.  The  vessel  was  cooled  in  an  ice  bath  for  five  minutes,  the  side  arm  filled 
with  solvent  (chloroform,  methanol  or  ethyl  ether)  and  the  valve  opened  to  draw 
tne  solvent  into  the  vessel.  The  valve  was  closed  and  the  mixture  shaken  for 
five  minutes.  Immediately  prior  to  analysis  the  valve  body  was  removed  and  the 
liquid  decanted. 

b_.  The  end  of  the  side  arm  was  covered  with  a  serum  cap,  the  valve  opened  while 
the  vessel  was  warm,  and  the  gases  (.products  and  air)  allowed  to  equilibrate 
five  minutes  before  sampling. 

c .  The  side  arm  was  connected  to  a  vacuum  manifold  and  the  products  transferred 
to  a  small  cold  finger  (3  cm  x  .3  cm). 

d_.  The  side  arm  of  the  reaction  flask  was  connected  directly  to  the  gas  inlet 
of  a  mass  spectrometer  the  mass  mass  spectrum  of  the  mixture  was  then  recorded. 
e.  This  procedure  was  developped  for  the  analysis  of  carbon  dioxide  bound  as 
lead  carbonate.  The  reaction  vessel  was  connected  to  a  gas  train  designed  for 
carbon  dioxide  absorption,  described  by  Vogel  (9).  Phosphoric  acid  was  added 
slowly  and  the  gases  evolved  collected  in  the  gas  train.  The  system  was  flushed 
with  air  for  five  minutes  and  the  mass  gain  measured.  (A  sample  of  authentic 
PbCO  showed  this  method  was  quantitative  for  PbCO.). 

f_.  For  analysis  of  the  oily  organic  material  deposited  on  the  lead  oxide,  the 
solid  left  at  the  end  of  a  run  was  sent  to  Galbraith  Laboratories  (Knoxville, 

■) 

Tennessee)  for  analysis  for  carbon,  hydrogen  and  nitrogen. 

g.  The  side  arm  of  the  reaction  vessel  was  connected  to  a  vacuum  manifold  and 
the  product  mixture  transferred  to  a  10  cm  infrared  gas  cell. 


Analytical  Methods 


The  products  collected  by  the  above  methods  were  treated  in  the  following 
manner. 

The  solution  from  (a.)  was  analyzed  by  gas  cnromatography .  A  seven  foot  by 
one-quarter  incn  column  packed  with  3%  Carbowax  20m>  or  a  six  foot  by  one-quarter 
inch  column  packed  with  10%  trityl  phosphate  was  used  depending  on  which  products 
were  to  be  determined.  The  gas  chromatography  columns  were  in  either  a  Perkin 
Elmer  Model  270  mass  spectrograph,  a  Finnigan  Model  3300  mass  spectrograph  or 
a  Perkin  Elmer  Sigma  3  gas  chromatograph.  Mass  spectra  were  used  for  product 
identification  while  quantitative  analyses  were  done  on  the  gas  chromatograph 
(Sigma  3),  with  methylene  chloride  as  an  internal  standard.  A  majority  of  the 
quantitative  work  was  done  with  the  solutions  from  (c)  and  were  done  on  the 
Sigma  3. 

The  gaseous  mixtures  from  (b)  were  sampled  with  a  Supelco  gas-tight  syringe 
and  then  injected  onto  a  gas  chromatograph  column.  A  Porapak  Q  colum  was  used 
for  separating  nitrous  oxide.  A  molecular  sieve  4A  column  was  used  to  separate 
nitrogen,  oxygen  and  nitric  oxide.  The  gases  were  injected  onto  a  0.19%  picric 
acid  on  30/100  mesh  Carbopak  C  (Sulpelco)  six  foot  column  in  the  Sigma  3,  equipped 
with  flame  ionization  detector. 

Procedures  for  Rate  Measurements. 

A  series  of  kinetic  runs  were  done  for  these  reactions.  All  kinetics  runs 
were  done  by  a  continuous  monitoring  of  the  pressure.  The  apoaratus  for  measuring 
the  change  in  pressure  was  as  follows:  A  Pyrex  25  (or  50)  ml  distilling  flask  was 
fitted  with  a  1/4"  glass  side  arm  and  the  metal  oxide  (typically  1-0  g)  was  placed 
in  a  pile  on  the  bottom.  A  sealed  fragile  glass  bulb  containing  25-50  ml  of  react 
ant  was  added,  a  7  g  stir  bar  was  placed  above  this  and  the  too  c'  the  distilling 
flask  was  sealed  in  a  flame. 


The  i/4"  tube  was  fitted  to  a  stainless  steel  Swajelok  Tee  (using  Nylon  ferrules). 


One  end  of  the  tee  was  connected  to  a  stainless  steel  valve  that  went  to  the 
vacuum  system  while  the  other  end  of  the  tee  was  attached  to  a  pressure  transducer 
(Pace  CD  25  ±  15  psi  or  P7D  -5  psi).  The  transducer  was  connected  to  a  Celesco 
CD  2;A  transducer  tor  dial  readout.  A  permanent  record  was  provided  by  attaching 
a  10V  strip  chart  recorder.  (Maximum  chart  speed  was  4  mm  second‘d). 


The  entire  apparatus  was  enclosed  in  an  oven  (=13C).  The  apparatus  was  evacuated 
while  the  system  reached  thermal  equilibrium.  After  one  hour  the  vacuum  valve 
was  closed,  the  magnetic  stir  bar  was  raised  to  the  top  of  the  flask  and  the 
system  was  allowed  to  equilibrate  an  additional  one-naif  hour.  At  this  time  the 
current  to  the  e1 ectromagnet  was  reversed,  the  stir  bar  dropped  snattering  the  bulb 
and  releasing  the  volatile  reactant. 


The  pressure  in  the  reaction  vessel  with  no  metal  oxide  present  leveled  off 
after  1.3  seconds  (.for  runs  done  below  1 45 3  the  vessel  was  heated  to  145°C  the 
cooled  to  reaction  temperature) .  A  plot  of  In  (?»  -?)  vs  time  was  made  for  all 


kinetic  runs. 


Manometric  Measurements  of  the  First-Order 
Rate  Constant  for  n-Prooyl  Nitrate  Fvrolysi 


Ex 

Ident i~ ication  Po  (torr) 

?■  2  27.44 

?•  2  25 .45 

?  •  2  34 . 68 


%  Pressure 
Temp  Increase 


175 

44.7 

5.70 

X 

10 

175 

51.6 

5.40 

X 

10 

177 

38.2 

6.75 

X 

10 

Table  2 

The  Temperature  Dependence  of  the 

Pyrolysis  of  n-Propyl  Nitrate 

No.  of  experimental  10°k,  (sec 

_ Points 


Table  3 


Reaction  Rate  Measurements  for  the 

a 

Nitroethane-Lead  Oxide  System 


_  b 

Run 

c  C°C) 

Induction 

Times  (sec.) 
r2C 

•> 

10'k  (sec 

A  -6 

137 

13 . 

16 

3.16 

A- 10 

157 

9.8 

12.3 

6.43 

A -5 

156 

11.5 

16 

3.71 

A-9 

156 

15.2 

17.2 

6.04 

A -4 

153 

17 

17 

4.92 

A-3 

152 

10 

10 

6.00 

A-15 

152 

8 

8 

7.27 

A- 2 

151 

15 

16.2 

3.21 

A-l 

150 

11.5 

11.5 

3 . 35 

A-15 

149 

16.1 

17.9 

3.37 

B-2 

148 

16.5 

17.5 

6.66 

C-2 

146 

23.2 

23.2 

9.31 

3-4 

143 

22.5 

22.5 

6.97 

A- 7 

142 

20.8 

20.3 

9. 23 

A- 13 

138 

42.5 

50 . 5 

4.33 

A -8 

138 

42.5 

47.6 

4.14 

A- 14 

128 

100 

138 

4.79 

A- 14 

123 

225 

320 

.72 

110-115 

7  3000 

0-1 

153 

28.7 

28.7 

3.36 

0-2 

133 

20 

23 . 7 

3.20 

0-3 

154 

25 

30 . 6 

4.11 

0-4 

155 

47 

51.5 

3.46 

Table  3  (continued) 


a 

Reaction  temperature  of  air  in  the  oven  was  constant  to  ±13C.  ?»  -?  was 

plotted  in  arbitory  units  from  the  chart,  but  Po  for  .1  ml  nitroethane  corresponded 
to  380  -  3  torr. 


b 

All  runs  designated  A  used  0.1  ml  nitroethane;  runs  marked  B  used  .05  ml  nitro¬ 
ethane  for  pre-reaction  and  .05  ml  nitroethane  for  the  regular  reaction  thereafter. 
Runs  designated  D  used  0.1  ml  a,  a-dideuteronitroethane  (see  text). 


c 

See  text  tor  explanation  of  how  these  values  were  obtained. 


HffHHjgfH 


Table  4 

Summary  of  Reaction  Products  Found  in 
Metal  Oxide-Catalyzed  Reactions  with 
N’itroalkanes  and  Related  Species 

Analytical  Method  Used 


Reaction 

Temperature 

Organic 

Reactant 

Oxide 

Products  IR 

observed 

GC 

MS 

GCMS 

ISO0 

nitro methane 

PbO 

HCN 

Hr 

Hr 

nitromethane 

n7o 

Hr 

Hr 

»f 

N2 

ie 

Hr 

f  r 

H?0 

ie 

★ 

rf 

co2(i)a 

Hr 

130-200 

nitroethane 

PbO 

CH.CN 

0 

Hr 

Hr 

Hr 

150,190,  210 

nitro ethane 

n2o  * 

Hr 

Hr 

Hr 

150 

C02Cl)a 

Hr 

Hr 

Hr 

150 

H  0 

2 

Hr 

150 

N2 

Hr 

Hr 

Hr 

130-200 

H.CCH-N’OH 

Hr 

Hr 

130 

C,H4  (trace) 

★ 

150 

CH4  (trace) 

* 

130 

C4H^2)  *(trace) 

* 

130 

nitroethane 

FeO(OH) 

CH.CN 

Hr 

130 

co2  (1) 

Hr 

130 

H-CCH-  s .  N'OH 

* 

190° 

1-  oitropropane 

PbO 

CH--CH2-CN’ 

Hr 

Hr 

190° 

130°,  200° 

1-  nitrobutane 

2  — nitropropane 

PbO 

PbO 

ch--ch2-ch,-cn 

0 

CH-C-CH.  f50%) 

Hr 

Hr 

Hr 

(trace) 

c6h12cC3) (4 -methyl* 
-2-pentene) 

ie 

C6H12  t3> 

♦ 

(trace) 

CjH,4  Cl) 

* 

N20  (20%) 

* 

• 

* 

Table  4  (continued) 


Analytical  Method  Used 


Reaction 

Temperature 

Organic 

Reactant 

Oxide 

Products  IR  GC 

observed 

MS 

0 

C0? 

k 

(4) 

C4H3  (trace) 

k 

C3HiJ(4)  trace 

k 

h2° 

k 

130 

acetal’doxime. 

PbO 

CH.CN 

o 

k 

oo 

O 

o 

2-nitro-2- 
methyl propane 

PbO 

no  reaction  24  hrs 

160 

acetone 

PbO 

no  reaction  (.3  hrs) 

2,4-pentanedione  PbO  Acetone 

1  acetone/ 
2,4-pentadione 


160 

acetone  oxime 

PbO 

acetone 

150 

nitroethane 

Fe203 

Mo  reaction 

50  min 

180 

it 

SnO 

It 

11 

150 

t  t 

ThO, 

It 

It 

150 

it 

MoO. 

If 

tt 

"  "  BaO  " 

"  "  CoO  " 

"  soda  lime  " 

150s  nitroethane  PbO.  CO, 

2  £ 

N2 


Visual  inspection 


PbO 


i 

/ 


Table  4  (continued) 


a 

CO,  was  present  as  ?bC0_  as  indicated  bv  IR.  no  free  CO,  was  detected 
-  o  '  2 

identification  was  provided  by  acidification  of  solid  and  analysing  the  result¬ 
ant  gas. 

b 

Isomer  of  C  H  unknown,  suspect  2  butene. 

4  2 


c 

Mass  spectral  data  was  insufficient  to  distinguish  between  the  possible 
C&H  isomers  however  the  smaller  of  the  two  g.c.  peaks  with  MN  34  had  an  ident 
cal  retention  time  with  cis  or  trans  4  methyl  2  pentene  (these  two  isomers  had 
identical  retention  times) .  The  larger  peak  had  a  longer  retention  time  than 
4  methyl  2  pentene  and  is  suspected  to  be  2,  3  dimethyl  2  butene. 


d 

The  mass  spectral  data  was  not  sufficient  to  ascentain  with  certainty 

10,  C^H^  species  may  arise 


the  specific  isomer.  It  is  possible  that  the  C.H 

9 

from  impurities,  see  below. 


FIG.  1  ARRHENIUS  PLOT  FOR  n-PROPYL  NITRATE  PYROLYSIS 
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